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1. The Gram-positive cell wall 
Based on the way they stain when using the staining technique of Gram (74), the eubacteria 
have been divided into two distinct groups: the Gram-positive and Gram-negative bacteria. 
The basis of the difference in staining of both groups is the difference in the structure of their 
cell envelopes. Gram-negative bacteria are enclosed in a cytoplasmic membrane, which is 
surrounded by a thin layer of peptidoglycan and an outer-membrane. The cell envelope of a 
Gram-positive bacterium consists of a cytoplasmic membrane and a cell wall. In both Gram-
positive and Gram-negative bacteria the cellular envelope functions as a protective coat of the 
protoplast, since it helps to resist turgor and is needed to maintain the shape of the cell. It is 
also important for enabling interactions of the cell with its environment. Furthermore, the cell 
wall influences the speed of movement of materials between the cytoplasmic membrane and 
the environment (5). 
The cell wall of Gram-positive bacteria, which is composed of peptidoglycan, secondary 








Peptidoglycan is the major cell wall component of Gram-positive bacteria and constitutes up 
to 50% of the cell wall mass. Peptidoglycan consists of sugar polymers, glycan chains, which 
Figure 1: Schematic representation of the Gram-positive cell wall. The cell wall consists of a thick 
layer of peptidoglycan forming a network that surrounds the cell. (Lipo)teichoic acids, proteins and 




are cross-linked through tetrapeptides and interpeptide bridges connecting the tetrapeptides 
(Fig. 2). The glycan chains consist of alternating N-acetylglucosamine and N-acetylmuramic 
acid residues, coupled via β-1,4 linkages (Fig. 2) (68, 69). The length of the glycan chain is 
species-dependent; in general glycan contains 5 to 30 subunits (82, 202). The tetrapeptide is 
bound at its N-terminus to the carboxyl group of muramic acid initially as a pentapeptide 
precursor, and consists of alternating L- and D-amino acids (80). The C-terminal D-Ala is 
removed when the interpeptide bridge is formed. The unusual D-amino acids are a typical 
feature of peptidoglycan. The D-isomers of the amino acids necessary for peptidoglycan 
synthesis are formed by specialized enzymes, e.g. in many bacteria D-Ala is formed from L-
Ala by interconversion by the enzyme alanine racemase (Alr) (236). In many bacterial species 
this enzyme is therefore essential; Alr deletion mutants of Lactococcus lactis and 
Lactobacillus plantarum are only able to grow when the growth medium is supplemented 
with D-Ala (84, 85). 
In most bacteria the tetrapeptide consists of the amino acid sequence L-Ala-D-Glu-X-D-Ala. 
The third amino acid (X) is a species-specific L-diamino acid, like L-Lys (e.g. L. lactis and 
other members of the lactic acid bacteria (73)) or Meso-diaminopimelic acid (e.g. Bacillus 
subtilis). Tetrapeptides on different glycan chains are connected through a bond of D-Ala of 
one tetrapeptide with the diamino acid in position three of the other tetrapeptide, either 
directly (e.g. B. subtilis peptidoglycan) or via an interpeptide bridge (80). The composition of 
the interpeptide bridges differs greatly among bacteria. In the case of L. lactis the interpeptide 
bridge consists of D-Asp (73). Staphylococcus aureus has an interpeptide bridge that consists 
of three to five glycine residues. The cross-linked peptidoglycan forms a rigid sacculus 
around the cell, which is needed to maintain cell shape and protects the cell against osmotic 
shocks. 
The peptidoglycans of L. lactis, B. subtilis and S. aureus are typical examples of A-type 
peptidoglycans. However, some bacteria, e.g. members of the corynebacteria family, have a 
peptidoglycan that differs in some aspects from A-type peptidoglycan. This B-type 
peptidoglycan is also cross-linked via tetrapeptides but the tetrapeptides have a different 
amino acid composition. The first amino acid, L-Ala in A-type peptidoglycan, is most often 


















A: Structure of the glycan chain of peptidoglycan, which consists of repeating N-acetylglucosamine 
and N-acetylmuramic acid, coupled through β(1-4) linkages. The lactyl moiety of N-acetylmuramic 
acid can be substituted with tetrapeptides. 
B: Structure of chitin. Chitin consists of repeating N-acetylglucosamine sugar units, connected via 
β(1-4) linkage 
C: Structure of A-type peptidoglycan. The tetrapeptide linked to N-acetylmuramic acid consists of L-
Ala-D-Glu-X-D-Ala, in which X is a species-specific L-diamino acid. In the case of L. lactis shown 
here the diamino acid is L-Lys. Cross-linking of the tetrapeptides is achieved via a “bridge” amino 
acid (D-Asp in the case of L. lactis) that links D-Ala of one tetrapeptide to the free amino group of L-
Lys of another tetrapeptide. 
D: Structure of Curtobacterium flaccumfaciens B-type peptidoglycan. The first amino acid is not L-
Ala as in A-type peptidoglycan, but L-Gly. Crosslinking takes place via D-Ala and the second amino 




is formed between amino acid residues two and four and not via amino acid residues three and 
four as in A-type peptidoglycan (See Fig. 2). The interpeptide bridges can contain unusual 
amino acids such as ornithine, as is the case for Curtobacterium flaccumfaciens B-type 
peptidoglycan (186).  
Peptidoglycan can be modified in several ways (213). Resistance of peptidoglycan to 
lysozymes of animal origin is obtained by O-acetylation of the N-acetylmuramic acid in the 
glycan chain (29). Furthermore, peptidoglycan can be modified by attachment of teichoic 
acids and carbohydrates, and by phosphorylation. 
 
1.2. (Lipo) Teichoic acids.  
Teichoic acids are polymers of 16 to 40 phosphodiester-linked glycerophosphate residues 
(e.g. in B. subtilis) or poly-ribitol-phosphates (e.g. in Listeria ssp.) (Fig. 3). They can be 
attached to peptidoglycan (wall teichoic acids, WTA) or be linked to the membrane via lipids 
(lipoteichoic acids, LTA) (3). In Bacilli teichuronic acids (TUA) have also been identified 
(Fig. 3) (231). In contrast to teichoic acids TUA chains are phosphate-free: sugar subunits are 
directly linked by glycosidic bonds. TUA chains are directly bound to peptidoglycan. WTA 
are linked to peptidoglycan via a linkage unit, which in many cases consists of the 
disaccharide N-acetylmannosaminyl β(1-4)glucosamine followed by a glycerolphosphate (2). 
This linkage unit seems to be well conserved, despite the great diversity between the WTA of 
bacterial species. WTA and LTA are present together in the cell walls of many bacterial 
species. In most cases they have completely different structures. L. lactis subsp. cremoris and 
Lb. casei only contain LTA (143, 219).  
Teichoic acids have been shown to be involved in many cellular processes, such as binding of 
cations and proteins, and are suggested to be involved in the control of autolysin activity (17, 
58), in determining the electrochemical properties of the cell wall (153), in establishing a 
magnesium ion concentration (4, 83, 92, 116), and in the physicochemical properties of the 
cytoplasmic membrane (78). WTA have been shown to be involved in binding of cell wall 
degrading enzymes in Streptococcus pneumoniae (86). The teichoic acids in this species are 
modified with choline moieties, which are recognized by repeat domains in the peptidoglycan 
hydrolases (as discussed below in section 4.3). Teichoic acids are species-specific decorations 




structures are exactly the same (142). WTA have been reported to be uniformly present in the 
cell wall (218). By contrast, it has been shown recently that LTA are not uniformly distributed 






Besides the already mentioned choline substitutions in S. pneumoniae, LTA and WTA can be 
decorated with various sugars and amino acid residues (57, 162). Sugar substitution has been 
implicated in bacteriophage absorption or resistance (194, 242). An Lb. plantarum mutant that 
was unable to attach glucose to its WTA was resistant to phage attack (51). L. lactis SK110 
Figure 3: Structure of polyglycerolphosphate lipoteichoic acid (a), polyglycerolphosphate teichoic acid 
(b), polyribitolphosphate teichoic acid (c) and teichuronic acid (d). R: D-Ala, glucose or choline 





has been shown to be resistant to phage sk11G because of its highly galactosylated LTA 
(194). The resistance mechanism involved was shown to be plasmid-encoded.  
LTA can also be substituted with D-Ala, which is bound via an ester linkage with the free 
hydroxyl group of the glycerolphosphate (3). Several functions of D-alanylation of LTA have 
been proposed: the positive charge of the free amino group of D-Ala neutralizes the negative 
charge of the phosphate groups in LTA, thereby altering the physicochemical properties of the 
cell wall (158). Recently, it has been shown that a lack of D-alanylation of the LTA in B. 
subtilis downregulates the secretion stress response via the two-component regulator system 
CssR/CssS (94). As a result, transcription of the htrA gene is also lowered. The htrA gene 
encodes the extracellular protease HtrA (147). Heterologous proteins expressed in B. subtilis 
mutants affected in D-Alanylation of LTA are, therefore, more stable than those expressed in 
the wildtype strain (95). HtrA activity in L. lactis has also been shown to be affected by 
reduced D-Ala levels in the LTA in the cell wall, resulting in reduced breakdown of the 
autolysin AcmA (this thesis, Chapter 4). 
 
1.3. Cell wall carbohydrates 
Polysaccharides can be covalently bound to peptidoglycan or loosely associated to the cell 
wall (41, 72). Coupling to peptidoglycan occurs through a phosphodiester linkage between the 
reducing end of the sugar and the C6 of N-acetylmuramic acid (139). The polysaccharides 
form complex structures. Differences between species are found in the sugar monomers 
present, the way they are linked, the kind of substitutions they carry and whether they branch 
or not. The function of the cell wall polysaccharides is unclear. In S. mutans, polysaccharides 
seem to be involved in the resistance of the cell to acidic pH as a mutation in gluA, the 
product of which is responsible for glucose decoration of polysaccharides, leads to higher 
sensitivity to acidic pH. The sugars act as aggregation acceptors for the formation of dental 
plaque in oral streptococci (239). 
It is generally believed that the polysaccharides mediate interactions with components of the 
environment. Furthermore, polysaccharides will influence the physicochemical properties of 
the cell wall, thus affecting the interaction with inert surfaces (157). They could also be 




gut (76)). Also, phage adsorption has been shown to depend on the presence of specific 
polysaccharides (51, 219). 
 
1.4. Cell wall proteins.  The Gram-positive cell wall is the site of attachment of proteins and 
enzymes that interact with the environment or that are needed for cell wall synthesis and 
breakdown. Proteinases and cell wall hydrolases are attached covalently or non-covalently to 
peptidoglycan, teichoic acids or other cell wall components. Besides these enzymes, 
pathogenic bacteria have virulence factors bound to their surface (98). These virulence factors 
play an important role in the recognition or invasion of the host cell. 
Many members of the Bacteria, but also of the Archaea, posses a surface layer (S-layer) of 
proteins as the outermost structure of the cell envelope. S-layer proteins function as cell shape 
determinants, protective coats, promoters for cell adhesion and surface recognition and as 
molecular ion traps. However, no general function can be ascribed to S-layers, thus far (16, 
182, 196). S-layers are composed of regularly arranged protein subunits of a single protein or 
glycoprotein, which form a 2-dimensional layer that completely covers the cell (197). S-layer 
proteins can represent 10 to 15 % of the total protein content of a bacterial cell (23). The 
molecular masses of the monomeric proteins range from 40 to 170 kDa (182). The S-layer 
proteins show great variety in primary structure and there is little homology between the 
different proteins. The S-layer covers the cell during all stages of growth. A high content of 
hydrophobic and acidic amino acids and a low pI are typical features of S-layer proteins 
(196). In contrast, very high pI's have been described for the S-layer proteins from several 
Lactobacillus spp. and Methanothermus (23, 27, 226). The various groups of cell wall bound 
proteins will be discussed in detail in the next sections. 
 
2. Peptidoglycan hydrolases of Gram-positive bacteria 
To be able to grow and divide bacteria have to express peptidoglycan hydrolases that open up 
the rigid peptidoglycan sacculus (174, 214). Several types of enzymes have been investigated 
and they are summarized in Fig. 4. Two types of glucosidases, which cleave the β(1,-4) bonds 
between N-acetylglucosamine and N-acetylmuramic acid in the glycan chain, are known. N-
acetyl-glucosaminidases liberate free reducing groups of N-acetylglucosamine, while N-




free reducing groups of muramic acid. N-acetylmuramoyl-L-alanine amidases (amidases) 
hydrolyze the bond between the glycan chain and the peptide side chain. Endopeptidases have 
varying specificities: e.g L-alanoyl-D-glutamate endopeptidases cleave the bond between L-
Ala and D-Glu, while γ-glutamyl-diamino acid endopeptidases cleave the bond between D-
Glu and the diamino acid present at position 3 in the peptide part of peptidoglycan. Some 
endopeptidases cleave within the interpeptide bridge. 
Peptidoglycan hydrolases are called autolysins when their activity results in damage of the 
integrity and protective properties of the structure of the peptidoglycan, such that it results in 
lysis of the cell (191). Therefore, carboxypeptidases, which cleave between the diamino acid 
and the terminal D-Ala of the tetrapeptide, are not autolysins. 
It is thought that autolysis of cells is the result of the uncontrolled action of peptidoglycan 
hydrolases when cell wall assembly and/or repair are inhibited (192). Because autolysins are 
potentially lethal enzymes, their activity has to be tightly regulated. Regulation can occur at 
the transcriptional and at the translational level, but it mostly operates at the posttranslational 
level. Examples of the latter mechanisms include enzyme activation by changes in substrate 
structure, topological restriction of enzyme distribution in the cell wall, and proteolytic 
activation or inactivation (192, 232). It has been shown that the proton motive force is 
involved in the regulation of some autolytic enzymes (102). The C-terminal peptidoglycan-
binding domain of the lactococcal autolysin AcmA is involved in determining the site of 
binding of the enzyme to the cell wall, thereby possibly controlling the potentially lethal 










 Figure 4: 




Peptidoglycan hydrolases are involved in a variety of processes (174, 192, 214, 232):  
 peptidoglycan turnover and recycling 
 cell division and separation 
 transformation of competent cells 
 liberation of mature spores from the mother cell (sporulation) and hydrolysis of the 
unique cortical peptidoglycan upon spore germination 
 motility 
 cell lysis 
 pathogenicity 
 enlargement of the peptidoglycan sacculus by acting as space-making enzymes  
 
The autolysin complement of B. subtilis, the paradigm of the Gram-positive bacteria, has been 
reviewed in detail by Smith et al. (200). By analyzing the genome sequence of B. subtilis 168, 
35 genes encoding (putative) peptidoglycan hydrolases were identified, involving 
representatives of all known classes of peptidoglycan hydrolases. In contrast, when the same 
analysis was performed on the genome of L. lactis subsp. lactis IL1403, only 5 genes were 
found, of which 4 encode glucosidases (acmA, acmB, acmC and acmD) and one specifies a 
putative DL-endopeptidase (yjgB) (21). These genes have also been identified in the genome 
of L. lactis subsp. cremoris MG1363 (A. Zomer et al, unpublished). The difference in the 
number of peptidoglycan hydrolases reflects the differences in life styles of both organisms. 
B. subtilis requires autolysins not only for growth and cell separation, but also for motility, 
genetic competence and sporulation (200). More than one peptidoglycan hydrolase seems to 
be present for each of these processes. L lactis has a simpler life style and is expected to use 
autolysins only for cell growth, cell separation and for peptidoglycan turnover during growth. 
The autolysins of several Gram-positive bacteria will be discussed here, with a focus on the 
lysins with cell wall binding domains. 
AcmA is the major cell wall hydrolase of L. lactis. An acmA deletion strain of L. lactis grows 
and divides normally (32). However, long chains of cells are formed, showing that AcmA is 
involved in cell separation after cell division. Stationary phase lysis is almost completely 
abolished in this strain and AcmA, therefore, seems to be solely responsible for cellular lysis 




terminal peptidoglycan-binding domain. The C-terminal region, containing so-called LysM 
(161) domains, directs the enzyme to the poles and septum of the cell, the site at which 
autolysis has been shown to start (138, 205). The LysM domains will be further discussed in 
















Based on the homology with muramidase-2 of Enterococcus hirae, AcmA, and later also 
acmB, acmC and acmD, were initially classified as muramidases (32, 90). However, RP-
HPLC studies with AcmA (this thesis, Chapter 3), AcmB (91), and AcmC (90) have shown 
that all three enzymes are in fact N-acetyl-glucosaminidases. AcmB, AcmC and AcmD of L. 
lactis have the same active site as AcmA, but there are differences in their modular 
organization (Fig. 5). N-terminally from the active site, AcmB contains a putative substrate 
binding domain that is homologous to the surface attachment domain of the 
fructosyltransferase of S. salivarius (91).  C-terminally from the active site domain a Zinc-
binding motif is present with sequence similarity to Zinc-binding motifs in zinc-
metalloproteases (165) of which the function is unknown. AcmC is the smallest enzyme of 
the three and only contains an active site domain. AcmD has the same modular organization 
as AcmA and its C-terminal domain will be discussed below (section 4.2). YjgB is a putative 
Figure 5: Schematic representation of the peptidoglycan hydrolases of L. lactis IL1403. Molecular masses 
(MM) and pI's of the enzymes are also given. Black bar: signal sequence; dashed bar: N-acetyl-
glucosaminidase domain; grey bar: LysM domain; white bars: putative active site domains, cell wall binding 




endopeptidase cleaving the bond between L-Ala and D-Glu in the peptidoglycan tetrapeptide. 
The genes acmA, acmB, acmC, acmD and yjgB have all been overexpressed in L. lactis and 
their products have been shown to have cell wall lytic activity in vivo (this thesis, Chapter 6). 
His-tagged variants of the enzymes have been purified from E. coli and the activity of the 
purified enzymes has been evidenced in vitro using zymograms (90). The purified enzymes 
are only active at acidic pH's, which has been correlated with their low pI 's (Fig.5). Northern 
analysis has shown that acmA, acmB, acmC, acmD and yjgB are all transcribed. The relative 
abundance of the transcripts of the five peptidoglycan hydrolases varied during growth, but 
was in all cases maximal in the early exponential phase (90).  
The enzymatic specificities of AcmB and AcmC have been characterized in more detail. Like 
AcmA, these enzymes are glucosaminidases (91, 90). AcmB is not involved in cell 
separation, but a knockout mutant lyses to a lesser extent, indicating that it is involved in 
autolysis. (91). A strain of L. lactis IL1403 in which acmD has been deleted grows in longer 
chains than the wildtype, showing that AcmD is involved in cell separation (Buist et al, 
unpublished).  
As mentioned above, at least 35 peptidoglycan hydrolases are encoded by the chromosome of 
B. subtilis, some of which have been studied in detail (200). LytC and LytD are the major 
vegetative autolysins of B. subtilis. LytC, also called CwlB, is a 50-kDa N-acetylmuramoyl-
L-alanine amidase; LytD is an endo-β-N-acetylglucosaminidase of 90 kDa. Both enzymes 
have been cloned and characterized. LytC and LytD have a role in cell wall turnover, motility, 
antibiotic-induced cell lysis and cell separation (126, 19). LytC also has a general cell lysis 
function (19). LytC is present during sporulation, but its transcription has been shown to only 
take place during vegetative growth and ceases early in sporulation (201). Site-directed 
mutagenesis studies of LytC revealed that two glutamic acids function as active site residues. 
EDTA addition resulted in loss of activity of LytC, while addition of the cations Zn2+, Mn2+ 
and Co2+ restored enzyme activity (190). The DL-endopeptidases LytE and LytF are minor 
autolysins that function in the vegetative stage of the life cycle of the bacterium. Both are 
believed to be involved in cell separation, as strains carrying a mutation in either of the genes 
form extra long chains of cells (127, 128). Recently, it has been shown by using GFP-fusions 
to the binding domains of the enzymes, that LytE and LytF are localized at cell separation 




is not involved in cell separation. LytG is a glucosaminidase responsible for the structural 
determination of peptidoglycan during growth, as was shown by detailed structure analysis of 
wildtype and mutant peptidoglycans (88). LytH has a role in the determination of the structure 
of the spore-cortex. It seems to be an L-Ala-D-Glu endopeptidase: a lytH mutant has a 
reduced number of muramic acid residues substituted with L-Ala and an increased number of 
tetrapeptide bridges (87). The action of LytH results in low cross-linking of the spore-
peptidoglycan, a process that is involved in building up the heat-resistance of spores. Spores 
of a lytH mutant of B. subtilis are less heat-resistant than wildtype spores (87). 
Peptidoglycan hydrolases are also thought to play a role in the pathogenicity of some 
pathogenic Gram-positive bacteria, among which Staphylococcus, Streptococcus and Listeria. 
The enzymes of S. aureus are believed to be involved in β-lactam-induced lysis and could be 
targets for antibacterial treatments (209). The Atl enzyme of S. aureus has been characterized 
in great detail. Atl is synthesized as a large precursor of 1256 amino acid residues with an N-
terminal signal sequence for secretion (152). Pro-Atl is subsequently cleaved behind residues 
198 and 775, resulting in a small N-terminal protein with unknown function, a mature 
amidase of 62 kDa and a glucosaminidase of 51 kDa (152). Pro-Atl is, thus, a bifunctional 
enzyme; Pro-Atl is active in zymograms, as are the mature amidase and glucosaminidase 
(152). 
Three repeat domains are located in the middle of Pro-Atl (10). When Pro-Atl is cleaved at 
residue 775, repeats 1 and 2 are in the C-terminal part of the amidase, while repeat 3 ends up 
in the N-terminal part of the glucosaminidase (10). By fusing the repeat domains to a reporter 
protein it was shown that the domains are involved in directing the protein to the equatorial 
surface ring, which marks the future division site (10). An atl mutant of S. aureus grows in 
clusters of non-separating cells. The mutation did not affect the peptidoglycan structure, but 
pleiotropic effects were observed, e.g. complete inhibition of turnover of peptidoglycan, 
rough outer cell wall surface and a decreased amount of non-covalently-bound cell wall 
proteins (210).  It has been proposed that the repeat domains recognize a specific receptor 







3. Modular design of peptidoglycan hydrolases  
As described above for e.g. AcmA and Atl, nearly all of the bacterial peptidoglycan 
hydrolases contain, besides an active site domain, a cell wall binding domain. Often these cell 
wall binding domains are comprised of repeated amino acid sequences. Substrate absorption, 
which precedes cell wall hydrolysis and involves the insoluble substrate peptidoglycan, is 
likely to be a general step in the functioning of these enzymes (237). The cell wall binding 
domains do not have peptidoglycan-degrading activity, as was shown e.g. for the binding 
domain of AcmA of L. lactis (this thesis, Chapter 2) and LytA of S. pneumoniae (178). The 
purified C-terminal domains of both enzymes recognized lactococcal and pneumococcal cell 
walls, respectively, indicating that the two domains function independently of their respective 
catalytic domains (178). The activities of the enzymes with truncations around the active site 
domains were lower than those of the wildtype enzymes, suggesting that the acquisition of a 
substrate-binding domain represents an advantage for peptidoglycan hydrolases, by allowing 
them to achieve a higher catalytic efficiency (62). A similar result was obtained for AcmA of 
L. lactis when its peptidoglycan-binding domain was removed (this thesis, Chapter 2). 
Some peptidoglycan hydrolases do not contain cell wall-binding domains, e.g. AcmC of L. 
lactis, Mur of Leuconostoc citreum and Mur1 of S. thermophilus (21, 39, 93). Activity of 
these enzymes has been evidenced (this thesis, Chapter 6 and (39, 93)) but their function is 
unknown. Mur1 has been shown to be cell associated (93). The absence of repeats suggests 
that they are not directed to a specific site in the cell wall, but are present and active over the 
entire surface. A fusion protein of Mur and the binding domain of AcmA was able to 
complement an acmA mutation in L. lactis: cells separated normally when the chimera was 
expressed in the mutant (39). 
A change of substrate binding domains results in a switch of enzyme specificity: whereas Lyc, 
a Clostridium muramidase, is unable to hydrolyse pneumococcal cell walls, a chimera of the 
N-terminal catalytic domain of Lyc and the C-terminal cell wall binding domain of the 
pneumococcal phage hydrolase Cp11 was capable of hydrolysing pneumococcal cell walls in 
a choline-dependent way (42). A chimera of the N-terminal amidase domain of the 
pneumococcal amidase LytA and the C-terminal domain of Lyc exhibited amidase activity: it 
hydrolyzed Clostridium cell walls with an efficiency 250 times higher than on pneumococcal 




(43). LytC and CwlC of B. subtilis have very similar active site domains but have very 
different substrate specificities: LytC only hydrolyses cell walls of vegetative cells, whereas 
CwlC also is capable of hydrolyzing spore cortices (60). The difference in cell wall binding 
domains could explain this difference in specificity. 
The above shows the importance of the co-operation of the two domains in the enzymes in 
cell wall degradation.  The cell wall binding domains are also involved in directing the 
enzyme to the site of action, as was shown for AcmA, LytE, LytF and Atl (10, 205, 238). This 
is an important feature of these domains, as it prevents the potentially lethal activity of the 
enzymes at unwanted sites.  
 
4. Modes of cell wall attachment of proteins; cell wall binding domains in L. lactis 
By screening the lactococcal genome for cell wall binding domains several (putative) proteins 
were found that contain at least one domain shown to be putatively involved in cell 
attachment (21). The cell wall anchors and their mode of cell wall attachment, when known, 
will be discussed below. 
 
4.1 Covalent binding: the LPXTG motif 
Proteins that are covalently attached to peptidoglycan in the cell wall contain a so-called 
sorting signal (59). Staphylococcal protein A is the model protein used to study the covalent 
cell wall anchoring of proteins (188). The domain responsible for anchoring resides in the C-
terminal part of the protein (187). The sorting signal consists of the LPXTG motif, in which X 
can be any amino acid, a hydrophobic domain and a charged tail. Four steps are 
distinguishable in the anchoring process (142): (i) the full-length precursor is exported from 
the cytoplasm via an N-terminal leader peptide, (ii) the charged tail and hydrophobic domain 
prevent release of the protein in the extracellular environment (this part stays in the 
membrane), (iii) the protein is cleaved between the Thr and Gly residues by the sortase 
enzyme, and (iv) the free carboxyl group of Thr is covalently bound by sortase to the amino 
group at the end of a tetrapeptide in peptidoglycan. The sorting signal desribed above is 
present in proteins of many bacteria (142). Three such proteins have been experimentally 
identified in L. lactis, namely CluA, NisP and PrtP, while nine other putative substrates have 




to the C-terminus of staphylococcal enterotoxin B, β-lactamase or alkaline phosphatase, the 
sorting signal was sufficient to obtain cell wall anchoring of these reporter proteins in S. 
aureus (187, 188). 
 
4.2. Peptidoglycan binding: The LysM domain. 
The Lysin Motif or LysM domain is a 45-amino-acid domain originally described for 
bacterial lysins (161). Now that many genomes have been sequenced, it has also been found 
in proteins other than bacterial lysins e.g. in bacteriophage proteins or in proteins of 
eukaryotes (12). Up to now, no LysM domains have been found in archaeal proteins. This 
would suggest that the LysM domain has been acquired by eukaryotes through horizontal 
gene transfer (161). The LysM domain is present in three lactococcal proteins: AcmA, AcmD 
and TagH. TagH is involved in (lipo)teichoic acid synthesis and is a membrane protein. The 
protein contains one C-terminal LysM domain. The number of LysM domains present in 
bacterial lysins differs. Some lysins contain only one domain (e.g. XlyA of B. subtilis), but 
also 2 (YaaH of B. subtilis), 3 (AcmA) or 4 (LytF of B. subtilis) LysM domains have been 
found in a single protein (32, 113, 123, 127). In Enterococcus muramidases 5 (E. faecalis) or 
6 (E. hirae) LysM domains are present (100). Another striking feature of LysM domains is 
their varying positions in proteins. The domains can be present in the N-terminal part of 
proteins (e.g. LytF of B. subtilis), in the C-terminal domain (AcmA) but they are also found in 
the middle of proteins (XlyA of B. subtilis). In the latter case, the domain seems to connect 
two lysin domains with different specificities (123). This flexibility in the number and 
position of LysM domains has also been observed in proteins other than lysins, e.g. in NlpD 
and MltD in Gram-negative bacteria (12) and the Listeria invasion-associated protein IAP 
(108). 
The function of most eukaryotic proteins containing LysM domains is unknown. However, in 
Caenorhabditis elegans the domain is present in chitinases. The LysM domains of C. elegans 
have some striking sequence differences with their bacterial counterparts: the presence of 
cysteine residues in the former suggests that disulphide bridges are used to maintain protein 
structure (12). In mammals, including Homo sapiens, the LysM domain is found in a number 
of putative proteins. Recently, LysM domains have been identified in the extracellular 




serine/threonine receptor kinases, NFR1 and NFR5, which enable the plant to recognize its 
symbiont Mesorhizobium loti (125, 164). Sym2 of M. trunculata contains 7 LysM domain-
containing receptor-like kinases. The authors speculate that also in this species the LysM 
domains are involved in recognition of the symbiont (121). These symbiotic bacteria secrete 
Nod-factors, which are peptidoglycan- and chitin-resembling compounds thought to bind to 
the LysM domains of the plant receptors. Eventually this would lead to the engulfment of the 
bacterium by the plant cells and to nodulation in the plant roots.  
The structure of one of the LysM domains of the MltD protein of E. coli has been resolved 
using NMR (12): the domain has a βααβ structure. Sequence alignment of all domains 
revealed two highly conserved glycin residues that act as tight turns between the β-strands and 
the α-helices. A conserved Asp also has this function. In most LysM domains residue 12 is a 
Ser or a Thr and this residue functions as an N-cap of the first helix. The preceding residue 11 
is usually an Asp or a Glu, but the function of this acidic residue in the LysM domain is 
unknown (12). LysM domains contain a conserved Tyr and G residues in the amino acid 
sequences that are also conserved in so-called YG repeats (217). These YG repeats are present 
in carbohydrate- or cell wall-binding domains of streptococcal glucosyltransferases, and 
LysM and YG repeats, therefore, seem to function similarly since they both recognize 
carbohydrates as ligands (217). 
The LysM domains cluster in two separate pI groups: those with high pI (around 10) and 
those with a low pI (around 4). The B. subtilis proteins XlyA and XlyB are highly 
homologous. Each has a centrally located LysM domain, which are also homologous and 
differ only in their pI values as a consequence of the substitution of charged residues in the 
domain. The L. lactis AcmA homologue AcmD has the same active site and also 3 LysM 
domains in its C-terminal region. However, the 3 LysM domains of AcmD have a pI of 
around 4 while those of AcmA have a pI of around 10. Besides that, the intervening regions 
between the LysM domains are shorter than those of AcmA. AcmD, or a fusion protein 
between the C-terminal domain of AcmD and a reporter protein, is not able to bind to the cell 
wall at pH 6. Only at a pH below the pI of the binding domains is binding observed (Buist, 
Steen et al, unpublished). The exact function of LysM domains with this low pI is unknown, 




Early studies suggested that LysM domains are used to attach proteins to the cell wall (18, 89, 
100, 123). Partially purified muramidase-2 of E. hirae binds to peptidoglycan fragments of 
the same strain (101). A derivative of AcmA lacking the LysM domains was not able to bind 
to cell walls (this thesis, Chapter 2).  A fusion of a Malaria parasite surface antigen and the 
LysM-containing C-terminal domain of AcmA (cA) bound specifically to cell walls via cA. 
Not only was binding to cell walls of L. lactis observed but also binding to cell walls of other 
bacterial species (this thesis, Chapter 2). Immunofluorescence studies have shown that 
binding of the cA domain to the bacterial surface is highly localized at specific sites: near the 
poles and septum of L. lactis (this thesis, Chapter 2). The same has been shown for LytE and 
LytF of B. subtilis, which also contain LysM domains (3 and 5 LysM domains, respectively, 
in the N-terminal domain) (238). 
By performing binding studies with cA to chemically treated cells and cell walls, 
peptidoglycan was identified as the cell wall component to which the LysM domain binds 
(205). The LysM domains of AcmA bind to A-type as well as B-type peptidoglycan with the 
same efficiency. As glycan is the only part of the peptidoglycan that is common to all 
peptidoglycan types, it is likely that the LysM domain binds to glycan (this thesis, Chapter 2). 
The presence of LysM domains in chitinases in some eukaryotes suggests that these LysM 
domains bind chitin, a polymer that resembles the glycan chain of peptidoglycan (Fig 2). 
Chitin is a polymer of N-acetyl-glucosamine, while glycan is a polymer of alternating N-
acetyl-glucosamine and N-acetyl-muramic acid. The striking sequence differences between 
LysM domains of chitinases and of those of the bacterial cell wall-hydrolyzing enzymes could 
account for the specificity of the former for chitin, since the LysM domains of AcmA do not 
bind chitin (this thesis, Chapter 2). The already mentioned Nod factors secreted by Rhizobium 
species and recognized by the LysM domains of plant receptors also resemble chitin (67, 120). 
The number of LysM domains in AcmA seems to be optimal for lactococcal cell wall 
degradation. Derivatives containing 1, 2 or 4 repeats bound less efficiently to L. lactis cells, 
resulting in reduced lysis of the cells (this thesis, Chapter 3). Apparently, as the number of 
LysM in enzymes of one bacterial species (e.g. B. subtilis) can vary, the number of domains is 





4.3. Teichoic acid binding: Choline binding domains 
The cell surface of S. pneumoniae contains an unusual surface molecule, i.e. phosphocholine. 
It is covalently bound to cell wall teichoic acid and lipoteichoic acid (215). PspA, one of the 
main surface proteins of pneumococci, binds non-covalently to the cell wall via these 
phosphocholine moieties (241). The C-terminal domain of PspA contains a choline-binding 
region (CBR), which consists of 10 highly conserved 20-amino-acid repeats (240). Surface 
binding has also been shown for the major autolysin LytA and the choline binding adhesin 
protein A (CbpA) (63, 175). LytB and LytC of S. pneumoniae have a CBR domain in their N-
termini and, thus, have a modular organization that differs from that of the other CBR-
containing proteins (124). The CBR of LytB consists of 18 imperfect repeat motifs of which 
the last nine are highly similar to the canonical CBR motif of LytA, while the others exhibit a 
higher number of amino acid replacements (44). A fusion protein consisting of the CBR of 
LytB and The Green fluorescent protein (GFP) bound specifically to the poles of S. 
pneumoniae cells, which is in agreement with the observation that LytB functions as an 
enzyme that separates the cells in the chains (44). Binding was observed to choline- as well as 
ethanolamine-containing cell walls. A similar fusion of GFP with the CBR of LytA bound to 
the equatorial regions of the cell, and only to cell walls that contain choline, indicating that 
the binding sites of LytB and LytA differ (44).  
The structure of the CBR of LytA was elucidated using X-ray crystallography. The domain 
consists exclusively of β-hairpins stacked in such a way that a helix is formed, a structure that 
is called a β-spiral staircase (54). The C-terminal hairpin is responsible for homodimer 
formation. A mutant lacking this C-terminal hairpin is not able to dimerize and activity of the 
enzyme decreases dramatically (55). 
Fifteen different proteins containing these repeats are specified by the genome of S. 
pneumoniae. The CBR motif is also present in the surface proteins of other bacteria such as C. 
acetobutylicum, C. difficile, S. mutans and S. downei (237). It is also present in the putative 
glucosyl-S-transferases PspA and PspB of L. lactis although phosphocholine has never been 







4.4. Cpl-7 cell wall binding domain. 
The product of cpl7, the lysin gene of bacteriophage Cp-7 of S. pneumoniae, has 3 repeats in 
its C-terminus that are different from the choline-binding repeats usually present in S. 
pneumoniae cell wall-bound proteins (64). The N-terminal lytic domain of Cpl7 is 
homologous to phage lysins that contain choline binding domains (64). Similar repeats are 
present in the L. lactis protein YrbB (1 repeat in the N-terminal domain) and Lb. gasseri 
(unidentified protein, 2 domains in C-terminal domain). The CPL7 enzyme has been shown 
not to depend on the presence of choline in the streptococcal cell wall: it also degrades cell 
walls of cells grown on ethanolamine and which do not contain choline (64).  
 
4.5. Frucosyltransferase cell wall-binding domain 
The fructosyltransferase of S. salivarius binds to the cell wall via its C-terminal domain (168). 
A homologue of this domain is present in the N-terminal part of AcmB of L. lactis (91). The 
domain is rich in proline residues. When sucrose, the substrate of fructosyltransferase, is 
present in the culture medium the enzyme is released from the surface into the culture 
medium (137). When the enzyme was expressed in S. gordonii, the same sucrose-induced 
release was observed (168). 
 
5. Other cell wall binding domains not present in lactococcal proteins. 
5.1. GW domain 
The InlB protein of L. monocytogenes is involved in pathogenicity of this bacterium since it 
plays a role in the invasion of epithelial and endothelial cells and hepatocytes (40). The 
protein contains three so-called GW domains of 80 amino acid residues, each starting with the 
GW (Gly-Trp) motif, in its C-terminal region (24). The C-terminal domain of InlB is 
necessary and sufficient for anchoring of the protein to the cell wall (24). InlB also bound to 
cell walls when it was added to bacteria from the outside (24). When more GW repeats were 
added to the C-terminal domain of InlB, anchoring of the protein to the cell wall was 
improved (24).  
The GW domains specifically bind to LTA in the cell wall (99) and they also interact with 
components of the host. Interaction with glycosaminoglycans of eukaryotic cells is needed for 




of the host cell. The exact role of gC1q-R in invasion is not known (25). The structure of the 
GW repeats of InlB has been determined (129): it resembles that of the so-called SH3 
domains present in eukaryotic and viral transduction proteins, which are able to bind proline-
rich peptides (114). In the GW domain, however, the potential proline binding sites are 
destroyed or blocked as a consequence of differences in intramolecular interactions compared 
to the SH3 homologues (129). The GW domain is also present in other surface-associated 
proteins in Listeria, e.g. Ami, which has 8 of these domains (136). The three repeat domains 
of the already discussed Atl protein of S. aureus are also GW domains. The GW domains of 
Atl bind specifically to the equatorial ring, suggesting that LTA is only present at those sites 
(10). It is also possible that the GW domains bind to a component that is associated with or 
bound to LTA and which is only present at the equatorial ring. The GW module seems to be 
common in Staphylococci and Listeria. Also, choline-binding domains, such as those found in 
LytA of S. pneumoniae, contain G and W residues in their primary sequences but the overall 
similarity between the GW and choline-binding domains is very low.  
 
5.2. S-layer homology (SLH) domains 
Despite the low homology in the primary sequences of surface (S)-layer proteins of different 
bacterial species, all S-layer proteins have two morphological domains in common, each 
probably with a different function (13, 184). The conserved S-layer homology (SLH) domain 
consists of approximately 55 amino acid residues and is present in 1 to 3 copies (26, 53, 130, 
135). SLH domains bind to a secondary cell wall component that contains N-
acetylglucosamine and N-acetylmannosamine and do not bind to peptidoglycan (132, 172). 
Besides its effect on binding, the secondary polymer is important for assembly of a monolayer 
of S-layer proteins on the cell surface where it protects the protein against proteolysis by 
shielding a potential proteolytic cleavage site (181). It has been shown that teichuronic acids 
are involved in binding of SLH domains in B. sphaericus (96).  
Although S-layers have been described for many species of the genus Lactobacillus, S-layer 
protein genes have only been cloned from Lactobacillus brevis and the closely related species 
Lb. acidophilus, Lb. helveticus and Lb. crispatus (22, 35, 195, 226). Lactobacillus S-layer 
proteins do not contain SLH domains. A highly conserved domain in the C-terminal part of 




cell walls. A fusion protein of the C-terminal 123 residues of the Lb. acidophilus S-layer 
protein with GFP bound efficiently to S-layer-stripped Lb. acidophilus cells (198). The 
domain has strong homology with the C-terminal regions of the cell wall proteinases PrtH of 
Lb. helveticus (156) and PrtB of Lb. delbrueckii  (70) suggesting that these proteinases are 
cell wall-anchored via these domains (198). The Lb. acidophilus S-layer protein seems to bind 
specifically to teichoic acids with this domain (198).  
 
5.3. B. subtilis LytC cell wall binding domain 
Three direct repeats that differ from LysM domains are present in the N-terminal region of the 
B. subtilis major autolysin LytC. A fusion of the repeat domain with lipase B of B. subtilis 
was active and could be extracted from the cell surface with LiCl (105). LytC, tagged with a 
so-called FLAG epitope (DYKDDDDK), was shown to be distributed over the whole surface 
of B. subtilis cells (238).  
 
5.4. CBD domains in Listeria bacteriophage endolysins 
The Listeria bacteriophages A118 and A500 express endolysins (Ply118 and Ply500, 
respectively) with identical active site domains in their N-termini (122). The phages absorb to 
serovar-specific sugars on the bacterial cell surface. The C-terminal domains of the endolysins 
do not share any homology. To investigate whether the C-terminal domains can bind to cell 
walls, they were fused to GFP. The Ply500 C-terminal domain directed GFP to the whole 
surface of L. monocytegones. Cell poles were normally stained whereas septa seemed to be 
stained to a somewhat lesser extent.  The C-terminus of Ply118, however, preferably bound to 
the poles and the septa of all strains tested (122).  
The binding behavior of the fusion proteins and the lysins correlated with the serovar-specific 
phage absorption. The binding ligand is most likely a carbohydrate covalently attached to the 
cell surface since differences between serovars are also determined by carbohydrates in the 
cell wall. The ligand for lysin binding, however, is not the phage receptor as phage resistant 
strains that are unable to bind the phage still bind the lysin::GFP fusion protein. The same was 
true for bacterial mutants that were impaired in teichoic acid glycosylation: this did not affect 
the binding of the fusion protein, showing that the glucose on TA is not involved in lysin 




while Ply118 is not. Moreover, Ply118 still binds to delipidized cells, which are believed to be 
devoid of LTA (122). 
 
6. Application of knowledge on cell wall binding domains: surface display of epitopes on 
Gram-positive bacteria and the use in vaccination.  
The different mechanisms by which proteins in Gram-positive bacteria are bound to the cell 
wall provide ways to express and display foreign antigens on bacterial cells, and to use these 
cells e.g. in vaccines. Lactic acid bacteria are often used in these kinds of studies because L. 
lactis and Lactobacillus species are generally regarded as safe and can be used as life carriers 
of antigens in e.g. mucosal immunization studies. L. lactis does not reside in the gastro-
intestinal tract, in contrast to some Lactobacillus species that have been reported to persist 
there and in the urogenital tract for several days or even weeks (65, 160). Furthermore, some 
Lactobacillus are reported to have beneficial (probiotic) health effects (224).  
The LPXTG sorting signal of protein A from S. aureus has been used to display streptavidin 
on the surface of L. lactis. The cells could subsequently be immobilized on a biotinilated 
surface (207). The N- and C-terminal ends of the S. pyogenes M6 protein, the latter of which 
contains an LPXTG motif, were used to anchor tetanus toxin fragment C (TTFC) on the cell 
wall of Lb. plantarum. The strain was used for subcutaneous, intranasal and intragastric 
immunizations, leading to a strong response in all cases. In immunizations with Lb. plantarum 
cells expressing TTFC on the surface, lower doses were needed for a good immune response 
than with cells expressing TTFC in the cytoplasm, or secreting it. However, production in the 
cytoplasm resulted in the highest antibody titres (170).  
Lb. brevis S-layer protein SlpA has been used to display foreign antigenic epitopes. A 
poliovirus epitope of 10 residues was inserted at 4 different sites in SlpA.  The antigen was 
displayed uniformly over the Lb. brevis cells and this study was the first in which a structural 
and functional S-layer was maintained with each protein subunit carrying an epitope (8, 9). 
Levansucrase of B. subtilis was fused to the SLH domain of B. anthracis S-layer protein. The 
fusion protein was present on the surface of B. anthracis and was active and antigenic (133, 
134).  
LysM domains, such as present in the L. lactis autolysin AcmA, possess properties that are of 




bacterium, could produce and secrete the fusion protein in its medium. The recombinant 
producer can be separated from the culture medium containing the protein of interest by 
centrifugation or filtration, after which the antigens can be bound to non-recombinant bacteria 
by simply mixing the cells with the protein (118). Since LysM domains bind all types of 
peptidoglycan (205), fusion proteins are able to bind, in principle, to all Gram-positive 
bacteria except those with S-layers, since S-layers block peptidoglycan (205). By chemical 
treatment of such cells, however, the fusion protein is able to bind. Moreover, acid treatment 
of cells increases the binding capacity of the cells for LysM fusion proteins dramatically 
(205).  
 
7. Outline of this thesis. 
This thesis deals with the characterization of the peptidoglycan hydrolases of L. lactis and 
their interaction with the bacterial cell wall. In Chapters 2 and 3 the modular structure of 
AcmA is described and the function of its two modules is investigated. The C-terminal 
domain is shown to bind specifically to peptidoglycan. Binding is only observed to the poles 
and septum of the lactococcal cell, which is caused by the presence of specific carbohydrates 
at the other sites. The N-terminal domain of AcmA is a glucosaminidase and not a 
muramidase as has been postulated previously on the basis of homology with other bacterial 
muramidases. The C-terminal domain of AcmA is investigated further in Chapter 3. Deletion 
variants containing one or two LysM domains are constructed as well as an AcmA variant 
containing 4 LysM domains. Binding studies show that three LysM domains are optimal for 
cell wall binding, resulting in the highest lysis efficiency when the protein is expressed in L. 
lactis.  
Chapter 4 describes the effect of deletion of the alanine racemase gene alr of L. lactis on 
cellular lysis. L. lactis (alr) depends on exogenous D-Ala in order to survive: when D-Ala is 
depleted the mutant starts to lyse. The observed increase in lysis is only partially caused by 
AcmA. When the dltD gene is mutated, reduced amounts of D-Ala are present in LTA, which 
also leads to increased lysis, but in this situation it is fully AcmA-dependent. Binding of 
AcmA is not affected in L. lactis (∆dltD), but HtrA-mediated breakdown of AcmA is reduced.  
Chapter 5 shows that lysis of L. lactis is reduced when the cells are grown on galactose. 




cell wall component is most likely a cell wall carbohydrate that hinders binding of AcmA 
(discussed in Chapter 2). When this, as yet unknown, component is removed from cells grown 
on galactose or on glucose by TCA treatment, similar levels of AcmA are able to bind to the 
cell walls. 
Chapter 6 describes the functional overexpression of four other peptidoglycan hydrolases of 
L. lactis. The activities of AcmB, AcmD and YjgB seem to depend on the presence of AcmA. 
LytR, AcmD and AcmA were used in a foodgrade expression system and the potential of the 
first enzyme in cheese making was assesed. LytR overexpression results in increased lysis in 
cheese of both the producing strain and the acid-producing strain used. Finally, Chapter 7 
gives an overview of the results of this thesis and the conclusions are put in perspective. 
Novel directions for future research are also discussed.  
